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Derivatives in Three American
Wastewater Treatment Plants
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College Park, Maryland 20742 and Environmental
Management and Byproducts Utilization Laboratory,
ANRI, ARS/USDA, 10300 Baltimore Avenue,

Beltsville, Maryland 20705

The fate of a comprehensive group of nonylphenol and
octylphenol ethoxylates (APEQs) and several of their
carboxylated derivatives was studied in three American
wastewater treatment plants (WWTPs), two of which included
advanced treatment. Influent and effluent concentrations
of the alkylphenolic compounds (APEs) in the three plants
were very similar, but effluent concentrations showed a
seasonal dependency: both carboxylate and ethoxylate
concentrations in the effluents were higher in winter than
in summer. Sorption to particulate matter was higher for
nonylphenolic compounds than for their octylphenolic
counterparts, in agreement with their difference in Ky
values. Both effluent concentrations and the removal
efficiency of the APEQs were strongly correlated to water
temperature, but no correlation was found with suspended
solids or organic carbon removal. Although APEO removal
from wastewater was high, overall removal from the
WWTPs, including APEQOs in waste sludge and transformation
products, was relatively low and suggested that advanced
treatment does not invariably result in better APEO
removal. Additionally, a survey of urban sewers suggested
that household products still constitute an important
source of the APEOs reaching WWTPs.

Introduction

Alkylphenol ethoxylates (APEOs), a widely used family of
surfactants composed mainly of nonylphenol and octylphe-
nol ethoxylates (NPEOs and OPEOs, respectively), undergo
a rapid transformation in wastewater treatment plants
(WWTPs) into short-chain APEOs, the parent alkylphenols
(APs, octylphenol, OP or OPOEO, and nonylphenol, NP or
NPOEO), and carboxylated derivatives, which include the
alkylphenoxyethoxy carboxylates (APECs), and the carboxy-
alkylphenoxyethoxy carboxylates (CAPECs) (I, 2). Several of
the transformation products are of toxicological concern due
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to their estrogenic properties (3), and they have been linked
to endocrine-disruption effects in biota exposed to WWTP
effluents (e.g., refs 4, 5).

It has been argued that American WWTPs are more
effective than their European counterparts at removing
APEOs (6). However, the fate of APEO-related compounds
(APEs) in WWTPs has been extensively studied in Europe
(e.g., ref 1), but not in the United States (7). Except for ref
8, most American studies focus on APE concentrations in
effluents and receiving waters (e.g., ref 9), and/or limit the
number of analytes to the more toxicologically relevant
transformation products—NP, the low molecular weight
ethoxymers (nonylphenol monoethoxylate, NP1EO, and
nonylphenol diethoxylate, NP2EO), and the carboxylated
derivatives nonylphenoxyacetic acid (NP1EC), and non-
ylphenoxyethoxyacetic acid (NP2EC)—while excluding the
long-chain parent compounds (10—12). It is the latter,
however, that reach the WWTPs in the influent wastewater,
and the analysis of as many of the APEs as possible is
necessary to construct mass balances. Additionally, few
studies have addressed APEO degradation in advanced
treatment systems, and these studies have only included a
few of the APEs (e.g., ref 13).

This work describes the fate of a comprehensive set of
APEs in three American WWTPs, two of which had advanced
treatment (Table 1). NP1-16EO, OP1-5EO, NP, OP, and their
carboxylated derivatives NP1EC, NP2EC, and OP1EC were
analyzed quantitatively, whereas NP3EC and NP4EC were
monitored qualitatively. Seasonal changes in the concentra-
tions and removal efficiencies of these compounds from
wastewater and their overall elimination from the WWTPs
are also discussed.

Experimental Section

Standards and Reagents. Standards for NP (Schenectady
International, Schenectady, NY; purity =95%), OP (Aldrich,
Milwaukee, WI; 97%), NP2EO (R&D product from Aldrich),
NP1EC (R&D product, Huntsman Chemicals, Austin, TX),
NP2EC (Aldrich; 90%), and OP1EC (R&D product, Huntsman)
were used as provided. NP1EO, NP3EO, NP4EO, NP5EO, and
OP1-5EO were purified in the laboratory as described
previously (14, 15) (purity =99%, except for OP1EO, 94%). A
commercial mixture (Surfonic N-95, Schenectady Interna-
tional; >97%; characterized by Huntsman, Table S1) was
used as standard for NP6-16EO. 13Cg-substituted standards
for isotope-dilution mass spectrometry (IDMS) were syn-
thesized by Ferguson et al. (16), except for *C¢—NP (Cam-
bridge Isotope Laboratories Inc., Andover, MA). Solvents were
high purity, pesticide grade from Burdick & Jackson (Hon-
eywell International Inc., Muskegon, MI). Carbon-free deion-
ized water (DI water) was obtained from a NANOpure system
(Barnstead International, Dubuque, IA).

Site Descriptions and Sampling Procedures. Grab waste-
water and sludge samples were obtained in 2004 and 2005
from three large American WWTPs (Table 1). Samples were
labeled as “summer” if water temperature was >20 °C and
as “winter” if it was <15 °C. All liquid samples were collected
in previously baked amber glass containers, and transported
in ice to the laboratory. Sludge was frozen at —20 °C upon
arrival, whereas water samples were filtered as described in
ref 17; the filters were air-dried and weighed to calculate
suspended solids, and extracted to evaluate their APEO
content. Two sampling events were conducted in sewers from
the Chicago, IL, area to better understand APEO sources.
The first took place in March 2005 and included five raw
sewage samples: two originating mainly from residential
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TABLE 1. Wastewater Treatment Plant Characteristics and Sampling Events

name plant 1
location mid-atlantic
capacity, mgd 180
population served, mi 1.3

treatment (after primary)

final chlorination yes
time in biological treatment, hrs 2 5-10
sludge retention time, days 7-13

samples obtained
raw influent
primary effluent

water secondary effluent
final effluent
primary

sludge secondary

Sep 2004 (24.5)
Oct 2004 (20.5)
Feb 2005 (13.8)
Mar 2005 (14.0)°

sampling events
(in situ average water T, °C)

modified Ludzack—Ettinger

plant 2

mid-atlantic

370

2.0

activated sludge + separate stage
nitrification/denitrification

yes

~6

secondary sludge: 1-1.5
nitrification sludge: 14—20

raw influent
primary effluent
secondary effluent
tertiary effluent
final effluent

primary
secondary
tertiary

Jul 2004 (25.2)
Aug 2004 (25.7)

plant 3

midwest

350

1.0

nitrifying activated
sludge

no

6—-14

7-12

primary influent
primary effluent
aeration tank effluent
final effluent

primary
prim + secondary

Mar 2005 (9.3)>
Aug 2005 (23.5)P

Feb 2005 (14.4)
Mar 2005 (14.0)>

a This is the hydraulic residence time (HRT) in activated sludge reactors in plants 1 and 3; but in plant 2 it is the total HRT in the secondary,

nitrification and denitrification reactors. ? Collected sludge samples.

zones, one from a commercial area, one from an industrial
area, and one was the influent to plant 3. The second sampling
event occurred in August 2005 and consisted of 5 24 h
composite raw sewage samples collected in residential areas.

Extraction and Analysis. NP0-16EO, OP0-5EO, NP1-2EC,
and OP1EC were analyzed quantitatively, and NP3-4EC
qualitatively, in the dissolved fraction of the wastewater
samples. Particulate matter and sludge were analyzed for
the APEOs, but not the APECs. Extraction methods for the
different matrices and analytes were published elsewhere
(15, 17), and consisted of solid-phase extraction (SPE) using
hyper-cross-linked hydroxylated poly(styrene-divinylben-
zene) copolymer cartridges for the APEOs in wastewater;
liquid—liquid extraction with dichloromethane for the APECs;
Soxhlet extraction with methanol for the APEOs in particulate
matter; and for sludge, accelerated solvent extraction with
hexane and acetone, followed by SPE cleanup with amino-
propylsilica cartridges. Extracts were analyzed by electrospray
LC-MS-MS using a mixed-mode column (size-exclusion and
reversed-phase adsorption) for separation. Detection was
done in multiple-reaction monitoring mode using electro-
spray positive for the APEOs and electrospray negative for
the APs and APECs. An isotope-dilution mass spectrometry
approach was used for quantitation, except for the APECs,
which were quantitated by external standard (17). NP3EC
and NP4EC were measured qualitatively in the same LC-
MS-MS runs as the rest of the APECs; ion transitions
monitored were 365.4 > 219.0 m/z for NP3EC, and 409.4 >
219.0 for NP4EC; cone voltages were 35 and 40 V, respectively,
and collision energy was 25 eV for both compounds.

Results and Discussion

APE Concentrations in WWTP Influents and Effluents.
Although the WWTPs are located in different metropolitan
areas, total APE concentrations in the WWTP influents were
remarkably similar; relatively small variations were observed
between plants and between seasons (Table 2, Figure 1A and
B). The similitude in total APE concentrations in the influents
might be due to the large amounts of wastewater treated by
the WWTPs, the size of the populations served (Table 1), and
the widespread use of APEOs. These concentrations were
comparable to those observed elsewhere (I, 18). In the
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influents, there were seasonal differences in the particular
case of the NPEOs oligomer distribution: short-chain NPEO
molar concentrations (NP0-3EO) represented 42% of the total
in the summer, but only 23% in winter. This difference might
be due to a higher microbial transformation rate of the long-
chain NPEOs (NP4-16EO) into the short-chain NPEOs during
transit to the WWTPs, induced by higher water temperatures
in the summer.

APE concentrations in the final effluents from the three
plants were also similar in spite of the different treatment
processes. However, in contrast to the influents, there was
aseasonal effect on APE concentrations in the effluents (Table
2, Figure C and D); total NPEO and OPEO concentrations
were more than 7 times higher in winter than in summer,
and the APECs were 5 times higher in winter (Table 2).
Compared to previous reports, APE concentrations in the
effluents tended to be in the lower end (1, 18—20); presumably
due to the use of advanced treatment, because most of the
plants reported in the literature are limited to secondary or
even primary treatment.

As expected for microbial-mediated transformations, the
seasonal differences in total APE concentrations in the
effluents appear to be related to temperature. NPEO, OPEO,
and APEC effluent concentrations in the summer (7= 20 °C)
were significantly different from the respective concentrations
in winter (T = 15 °C) (Mann—Whitney test, P < 0.01, 21).
Other variables, such as APE concentrations in the influents,
were not correlated to effluent concentrations. Seasonal
differences in effluent concentrations were especially pro-
nounced for the long-chain NPEOs; average NP4-16EO
concentrations were more than 15 times higher in winter
than in summer. In contrast, NP0-3EO concentrations were
only 7 times higher in winter (Table 2). At the same time, the
ratio of NP0-3EO to NP4-16EO decreased from 10 in summer
to 4 in winter, suggesting that temperature has a greater
effect on the de-ethoxylation rate of the long-chain NPEOs
than the degradation rate of the short-chain EOs.

APEO Removal Efficiency from Wastewater. When
samples from the same season are compared, APEO removal
is equally comparable across the three studied WWTPs.
Average NP0-16EO removal was 99.1% (SD = 0.28) in summer;
significantly different (¢ test, o = 0.05) from winter, 93.7%



TABLE 2. Total APEO (Dissolved + Particulate Matter) and Dissolved APEC Concentrations in WWTP Influents and Effluents?

concentration, xg/L

plant T,°C  NP0-3EQ" NP4-16EQ¢ NPO0-16E0 0P0-5E0 APEC?

summer  Sep 04 1 23.9 262 499 760 6.57 0.28
Oct 04 1 203 128 545 672 7.32 1.04
July 04 2 257 823 587 670 4.70 1.48
Aug 04 2 25.8 160 265 425 6.82 3.23

mean (SD) 239 158 (76) 474 (144) 632 (144) 6.36 (1.14)  1.50 (1.25)
influent  winter Feb 05 1 15.0 149 745 894 7.14 1.68
Mar 05 1 140 47.6 474 521 5.75 0.80
Feb 05 2 140 127 722 849 8.25 1.31
Mar 05 2 140 685 638 707 6.00 1.28
Mar 05 3 9.9 50.2 610 660 5.13 2.65

mean (SD) 13.4 88.4(46.5) 638(107) 726 (150) 6.45 (1.24)  1.54 (0.69)
summer  Sep 04 1 248  3.48 0.338 3.82 0.548 7.46
Oct 04 1 20.8 3.92 0.272 4.19 0.215 18.7
July 04 2 247  4.42 0.329 4.75 0.239 24.3
Aug 04 2 25.6  1.58 0.042 1.62 0.005 25.9
Aug 05 3 235 253 0.690 3.22 0.039 7.58

Huent mean (SD) 239 3.19(1.14) 0.334(0.232) 3.52(1.20) 0.21(0.22) 16.8(8.9)

etuent  vinter Feb 05 1 140 323 5.97 38.2 2.08 121
Mar 05 1 140 17.6 5.39 23.0 1.62 99.3
Feb 05 2 15.0  20.7 8.42 29.1 1.54 57.6
Mar 05 2 140 15.9 1.28 17.2 0.84 79.7
Mar 05 3 9.3 21.5 5.08 26.6 1.82 49.9

mean (SD) 13.3  21.6 (6.4) 5.22 (2.57) 26.8 (7.8) 1.58 (0.47)  81.5(29.3)

@ Individual concentrations for NPO-5EO, OP0-5EO, and the APECs are available in the Supporting Information section (Table S3). » NP0-3EO
= short-chain NPEOs. ¢ NP4-16EO = long-chain NPEOs. ¢ APEC includes NP1-2EC and OP1EC.
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FIGURE 1. Total NPEO concentrations (dissolved + particulate matter) in influent wastewater in winter (A) and summer (B); and in final
effluents in winter (C) and summer (D) for WWTPs 1, 2, and 3 (sampling dates in parentheses).

(SD = 1.2). OP0-5EO removal also showed statistically
significant differences between summer, 96.6 (3.4)%, and
winter, 71.5 (10.5)%. NPEO removal was significantly higher
in these three WWTPs than the average reported by Ahel et
al. (1), 59% (SD = 18), in 11 Swiss WWTPs with activated-
sludge treatment.

As expected (1), APECs were formed in the three WWTPs.
APEC accumulation showed a larger variation than APEO
degradation between WWTPs, but there were also statistically

significant differences (¢ test, a = 0.05) between summer
and winter. Including APEC concentrations in removal
calculations decreased removal efficiencies, especially in
winter; e.g., NP0-16EO removal efficiency in winter decreased
from 93.7 to 75% when NP1-2EC were included. Removal
efficiencies would be even lower if the concentrations of
NP3-4EC were considered. Both compounds were formed in
the three WWTPs, generally at lower but still significant
concentrations compared to NP1-2EC (Figure S1).
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It has been suggested that APEO removal from WWTPs
is correlated to WWTP performance (1), including organic
carbon removal (22). The data obtained for this study do not
support this suggestion; no correlation was found between
APEO removal and total suspended solids (TSS), total organic
carbon (TOC) or dissolved organic carbon removal (DOC)
(Table S2). In fact, differences between summer and winter
were small for the three parameters, and they were not
statistically significant for TSS and DOC ( test, a. = 0.05),
which should be expected because the WWTPs control these
parameters. However, APEO removal was strongly correlated
with temperature, 72 = 0.8689, p < 0.0001 for NP0-16EO
removal, 7 =0.8787, p < 0.0001 for NP0O-5EQ, and r*>=0.7900,

TABLE 3. NPEO/OPEQ Concentration Ratios in Suspended
Solids: ExBected from log K, Values, and Measured from

NPEQO and DPEQ Concentrations in Dissolved Phase and
Suspended Solids
log Ko (24)
AP APIEO AP2E0 AP3EO AP4EO

NP 4.48 417 421 420 430
oP 412 410 400 390 3.90
NPEOQO/OPEO ratios in solids

expected? 23 1.2 1.6 2.0 2.5

measured®?

mean 2.1 2.2 2.6 2.1 1.8

SD 14 12 12 10 07

n 34 30 40 38 29

2From 1099 Kownpeo~109 Koworeo  © From  (INPEO]par/[NPEO]gissoivea)/
(IOPEOI,ar/[OPEOissolved)-

p = 0.0006 for OP0-5EO. Including NP1-2EC concentrations
to NP0-16EO removal decreases the strength of the correla-
tion (Figure 2), r = 0.6004, p = 0.0084, due to the higher
variability in APEC accumulation between WWTPs. In spite
of the variability, the inclusion of transformation products—
NPECs in this case—provides a more complete representation
of NPEO removal. As noted above, these removal values would
belower if other transformation products were included that
were not quantified (NP3-4EC) or even analyzed (e.g.,
CAPECs).

APEO removal can also be affected by other factors, such
as hydraulic and sludge residence times (HRT and SRT) (23).
In this study, the three WWTPs sampled operated with similar

Plant 1 (March 2005)

Influent : : Effluent
557 mol/d Primary B'(K!]"El'f)“l Filt/Chlor 216 mol/d
100 % 39 %

U | |
Sludge
106 mol/d Degraded ()
19 9% 235 mol/d
42 %
Plant 2 (March 2005)
Influent : : Effluent
: Biological et ;
Primary A Filt/Chl 423 mol/d
1765 n';o];"d rimary (AS/Denit) ilt/Chlor E:> : 4!1:2
] -
pis
Degraded (?)
215 mol/d
04
Sludge 12%
1128 mol/d
%
Plant 3 (March 2005)

Influent . . Effluent
1152 mol/d Primary i_:;) i'?i';?] 228 mol/d
100 % 20 %

Il
1L
Sludge
247 mol/d
21% Degraded (?)
677 mol/d
59 %

FIGURE 3. NPE (including NP0-16E0 and NP1-2EC) mass balance in three WWTPs. Influent: total mass in influent influent (except for
plant 3 in August, where it corresponds to the primary effluent); Sludge: total mass in waste primary and secondary sludge (plant 2 includes
tertiary sludge); Effluent: total mass in final effluent; Degraded: estimated from influent — (sludge + effluent).
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FIGURE 4. Total NP0-16E0 concentrations (dissolved + particulate matter) in (A) grab sewage samples from commercial, industrial and
residential areas in Chicago, IL, and (B) 24-h composite sewage samples from different residential areas in Chicago.

HRTs (Table 1); but plant 2 had a short SRT for its secondary
sludge. APEO removal efficiencies in the secondary treatment
stage of plant 2 (as low as 18%, data not shown) were much
lower than in plant 3, suggesting that the higher efficiencies
in plant 3 were a consequence of higher SRTs. The overall
APEO removal efficiency for plant 2 would have remained
high because of the significantly long SRT in its nitrification/
denitrification step; nitrifying conditions have been also
correlated with high APEO degradation (I).

Preferential Elimination of NPEOs vs OPEOs. Total
average OP0-5EO concentrations in the influents were 35
times lower than NP0-5EO in summer and 26 times lower
in winter (data in Table S3); but these ratios decreased to 16
and 15 respectively in the final effluents. At the same time,
elimination efficiencies were higher for NP0-5EO, 82.1 (SD
= 5.2) %, and significantly different (¢ test, a = 0.05) to the
OPEOs in winter, 71.5 (10.5)%, when biodegradation rates
can be expected to be lower than in summer. These
observations suggest preferential elimination of the NPEOs
in the WWTPs, and a possible cause is the NPEOs higher
affinity for solids. Both NPEOs and OPEOs partition to the
organic matter in suspended solids because of their relative
hydrophobicity (log Kow ~ 4, Table 3), but when comparing
dissolved versus particulate bound concentrations, the NPEOs
tended to be in higher proportions in the particulate matter.
Using the log K,y values, the expected NPEO to OPEO ratios
in the suspended solids are between 1.2 and 2.5 (Table 3).
The ratios calculated from the APEO concentrations mea-

sured in the suspended solids from the WWTPs fell in a similar
range, 1.8—2.6 (Table 3); suggesting that a higher proportion
of the NPEOs compared to the OPEOs could have been
eliminated with the waste sludge.

Overall APE Removal from WWTPs. Due to the affinity
of the short-chain APEOs to solids, a complete assessment
of APE removal in WWTPs cannot be performed without
considering the APEOs leaving the plant with the sludge.
Most studies only report elimination from wastewater, not
accounting for APEO elimination in sludge (8). In the present
study, sludge and water concentrations were used to estimate
overall APE removal (Figure 3) and compare it to Ahel and
collaborators’ study of two Swiss WWTPs (1), where at least
60—65% of the NPEOs entering these plants were discharged
into the environment, mostly in the form of degradation
products. Our results varied widely: plant 1 performed
similarly to the Swiss plants; almost 60% of the incoming
APEO mass was released in the effluent and sludge, leaving
approximately 40% available for microbial transformation
(this value was obtained by difference and might include
losses through processes other than biotransformation, such
as volatilization). Plant 3 released a smaller amount; slightly
more than 40% in the winter, and around 30% in the summer.
In the case of plant 2, most of the APEO elimination occurred
in the solids, resulting in almost 90% of the APEOs being
released from the WWTP. This might be due to the shorter
SRT causing a higher production and elimination of sludge.
Presumably, the short-chain APEOs formed during secondary
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treatment would attach to the solids and leave the plant
before microbial degradation can occur. An accurate evalu-
ation of these phenomena would require the analysis of a
more comprehensive set of the APEO biotransformation
products, such aslong-chain APECs and CAPECs, which could
increase the amounts of APEO-related compounds released
from the plant. Additionally, to obtain truly representative
mass balances, composite samples would be necessary to
account for the fact that the solids remain in the WWTPs for
several days and they are exposed to wastewater with varying
concentrations of the APEs over this period of time. In any
case, these results suggest that WWTPs with advanced
treatment might not necessarily improve overall APE removal,
even if removal efficiency from wastewater is high.

APEO Sources. A survey of sewage samples from different
areas in Chicago showed that NPEO concentrations and
individual oligomer distributions in residential samples were
comparable to industrial and commercial sources, as well as
to the WWTP influent (Figure 4A); furthermore, NPEO
concentrations in one of the residential samples were
significantly higher than in the other sites. A more detailed
survey of sewers in different residential areas of Chicago
supported these observations (Figure 4B). Although flow rates
were not measured and the actual contribution of each type
of sewage to the total loading of the WWTP could not be
computed, these results suggest that residential areas might
still be important sources of NPEOs to WWTPs. This
observation was somewhat unexpected because itis implied
in the literature that household applications of the APEOs
arerelatively insignificant compared to other uses, accounting
for only 15% of the total (25), maybe because they were
reportedly substituted in household products with alcohol
ethoxylates since the mid-1970s (26). Additionally, the U.S.
EPA instituted a program for the voluntary phase out of NPEO
use and manufacture, and the major American laundry
detergents are free of NPEOs (27)? although some detergents
still contain them (28). The OPEOs detected in this survey
followed similar patterns to the NPEOs, but their concentra-
tions did not vary proportionally to NPEO concentration,
suggesting different sources for these two families of com-
pounds even within residential sewers.
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